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ABSTRACT 
Changes at the level of cell fine structure have been studied during lens regeneration in the 
toad,  Xenopus laevis, where cornea gives rise to  the  new  lens.  The  transformation of these 
cells may be divided into three phases.  (1)  In the cornea,  flattened cells become cuboidal 
and rough endoplasmic reticulum increases in amount.  (2) In the new lens vesicle, cisternae 
of the  rough ER  break  down into vesicles,  smooth-walled vesicles  and  free  ribosomes in- 
crease  in  number,  and mitochondria can  become  enlarged  and  irregular,  then  centrally 
attenuated.  Rudimentary  cilia form.  (3)  As ncw  lens fibers form,  ribosomes become very 
numerous  and  low  density  fibrous elements and  dense  clumps  appear  in  the  cytoplasm. 
These  phases  arc  accompanied  by  marked  nucleolar  changes.  The  changes  during  the 
3rd  phase  are  similar  to  changes  in  the  lens during  normal  development.  The  first two 
phases show an unexpected morphological complexity. 
INTRODUCTION 
In larval stages of Xenopus laevis, lensectomy is fol- 
lowed by regeneration of a  new lens derived from 
the  cornea  (7).  The  ectodermal  cornea  of  these 
animals is composed  of two  cell layers,  the  inner 
of which supplies  the cells that will  become lens. 
After lensectomy these cells group  into an aggre- 
gate which bulges into the pupillary space to form 
a  lens vesicle. Thus under these conditions corneal 
cells undergo a  transformation of cell type.  A  de- 
scriptive  study  of this  process  has  been  made  at 
the  level  of  fine  structure  and  the  changes  in 
cellular organization which occur during the 5  to 
6 day period between removal of the original lens 
and  the  formation  of new  lens  fibers  have  been 
followed.  Development  of  lens  fibers  has  been 
studied  in  connection  with  fine  structure  of  the 
normal lens in a number of mammals (2, 24) where 
transitional  stages  between  lens  epithelium  and 
lens fiber arc present.  Fine structure of very early 
stages  in  the  development  of  the  lens  has  been 
studied in the chick (9, 25)  and in the mouse  (3), 
and  Wollfian  regeneration  has  been  studied  in 
amphibians  (5,  11).  The  fine  structure  of  this 
cellular  transformation  in  Xenopus can  therefore 
be  interpreted  by  comparison  with  events  in 
normal development and those in another system 
of cellular  transformation,  the  formation  of  lens 
from iris. In Xenopus it has been possible to describe 
some  common  aspects  of the  process  with  closer 
staging  and  in  more  detail  than  previously. 
MATERIALS  AND  METHODS 
Xenopus laevis eggs were obtained by hormonal injec- 
tion  (7)  and tadpoles were raised to Stages 48 to 50 
(13)  before  lensectomy.  The  lens  was  removed 
through a  corneal incision. Previous work has shown 
that such an incision heals within 12 hours (7). After 
lensectomy  animals  were  fixed  daily  for  7  days. 
A control series of operations was performed in which 
the cornea was incised and animals were fixed daily 
for the first  3 days  after the operation.  Normal  ani- 
mals were also fixed to observe the uninjured cornea. 
Two  to  five  cases  of  each  type  were  examined. 
Preparations were fixed in 1 per cent osmium tetrox- 
ide buffered at pH 7.9 (14) at 4°C for ~  hour, dehy- 
211 drated  through  a  series of alcohols in the cold,  and 
embedded  in  Epon  (12).  Sections  were  cut  on  a 
Porter-Blum  Ultramicrotome  with  glass  knives, 
stained  in  saturated  uranyl  acetate  12  hours,  and 
viewed in a  RCA EMU 3 electron microscope. Since 
the  new  lens forms opposite  the  pupillary  space,  in 
sectioning it was possible to use the pigmentation of 
the iris as a guide in locating the critical region of the 
tissue.  Sample  sections  were  viewed  with  phase 
microscopy  without staining,  or  stained  with  meth- 
ylene blue (18). 
RESULTS 
After  lensectomy  the  inner  corneal  layer  of cells 
which  will  give  rise  to  the  new  lens  becomes 
cuboidal  (Stage  1).  In larvae at stage 50,  by day 
2 or 3  a  clump of cells 2  or 3 layers thick forms in 
the pupillary  space  (Stage 2).  By day  4  or  5  this 
clump  has  enlarged,  and  the  cells  are  oriented 
forming an epithelial vesicle which bulges into the 
lumen of the optic cup  (Stage  3)  (Fig.  1).  In the 
later part of this stage vacuoles may occur in the 
center of the vesicle  (Fig.  2).  By day  6,  enlarged 
nuclei and  nucleoli are  associated with early lens 
fiber  formation,  and  mitotic  activity  appears  to 
become  restricted  to  the  periphery  of the  vesicle 
(Stage 4).  Secondary lens fibers appear by day  10 
(Stage 5)  (7). 
In  the  normal  larval Xenopus cornea  of stages 
48 to  50 the inner cell layer of the cornea consists 
of very  flattened  cells,  unlike  the  cuboidal  cells 
of the adult frog cornea.  The nucleus shows occa- 
sional  indentations,  and  lies  with  its  long  axis 
parallel to the basement membrane. A  small num- 
ber  of  mitochondria  usually  lie  grouped  in  the 
cytoplasm around the long axis of the nucleus and 
some  rough  endoplasmic  reticulum  typically  lies 
near the mitochondria (Figs.  3 and 4).  Frequently 
the rough ER is scanty as in Fig.  3,  though occa- 
sionally  two  or  three  cisternae  are  stacked.  Cells 
appear to adhere loosely.  The cytoplasm contains 
fibrous elements (clearest in Fig.  5) and a  few free 
ribosomes. Small smooth walled vesicles occur and 
are  frequently  particularly  numerous  near  the 
nucleus. 
After  corneal  injury  there  may  be  changes  in 
cell shape associated with the injury but there is no 
FrGUI~E 1  A clump of cells still broadly attached to tile cornea (CO)  will form a lens vesicle in the pupil- 
lary space. Three regions may be distinguished: the part of the cornea to which the clump is attached (A), 
the part of the enlargement which is immediately adjacent to the cornea (B), and the deeper regions (C). 
Iris (i).  Four days after lensectomy.  )<  670. 
FIGVaE ~  Lens vesicle in a later stage lying in the pupillary space still shows some indication of its pre- 
vious attachment to the cornea. The center of the lens (D)  is beginning to show vcsiculation. Four days 
after lensectomy. )< 670. 
212  THE  JOURNAL OF  CELL BIOLOGY • VOLUME ~4,  1965 FIGURES 3  and 4  Normal cornea of stage 50 larva.  The rough ER is sparse and somewhat scattered. 
Cisternae (C) have a tendency to be aligned parallel to the basement lamella (B). Small smooth-surfaced 
vesicles (V) are often particularly numerous near the nucleus  (N). Free ribosomes are very scarce. The 
nucleolus is small compared with later stages of lens regeneration (see Figs. 14 and 15). Fig. 3,  X  16,000. 
Fig. 4,  X  13,000. 
FmURE 5  Cornea 4  days after lensectomy. Rough  ER is  organized into  stacks parallel  to  the  basal 
side of the cell and is closely associated with mitochondria. Cisternae appear near the mitochondria (N). 
X  16,000. 
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cytoplasm,  ahhough since the rough ER is some- 
what variable in amount in the normal cornea it is 
possible  that  a  slight increase  after  injury  might 
go unnoticed. Two or three days after lensectomy, 
however,  the  rough  ER  appears  somewhat  more 
prominent.  By day  4  and  5  the amount of rough 
ER  in  the  cornea  has  conspicuously  increased 
(Figs.  5  and 6).  Profiles  of cisternae  are  longer, 
and  they may be stacked  in eight or nine layers. 
Cisternae seem to be organized in close association 
with mitochondria  (Fig.  5)  (6,  10,  19),  although 
this does  not  necessarily imply  a  functional rela- 
tionship  (14).  As  the  organized  pattern  of  the 
rough ER becomes more conspicuous it continues 
to be arranged at some distance from the nucleus. 
Continuity between the cisternae of the rough ER 
and  nuclear  membrane  is very  rare  in  some  cell 
types  (23)  and  has  been seen  in  these  cells  only 
once  on  day  5  when  the  increase  in  amount  of 
rough ER is well underway. 
Frequently  when  a  Stage  3  lens vesicle is  still 
widely attached  to the cornea  (Fig.  1)  transitions 
may  be  seen  in  the  same  preparation  between 
corneal  cells with  prominent stacks  of rough  ER 
and subsequent stages in the process.  Cells in the 
attachment zone between cornea and lens vesicle 
as  well  as  those  deeper  in  the vesicle  (regions  B 
and C) show a  marked change with respect to the 
rough  ER  (Figs.  6  and  7).  Stacked  cisternae be- 
come scattered  and  broken up  into small vesicles 
while  free  ribosomes  increase  in  number.  Mito- 
chondria in region B as well as deeper in the vesicle 
may  still  be  closely  associated  with  fragments  of 
the  rough  ER,  and  these  associations  may  form 
islands  surrounded  by  fibrous  elements. 
The transition from region A  in the developing 
lens to  region B  may  be  sharp in  terms of mito- 
chondrial morphology.  Mitochondria can become 
much enlarged and irregular in shape with branch- 
ing. There  seems to be no alteration,  during this 
process,  in  the  character  or  quantity  of  cristae 
which in this tissue are somewhat vesicular (Fig. 8). 
In  region  C  the  mitochondria  are  smaller  and 
again  rather  unusual  in  morphology,  since  they 
are  frequently  centrally  attenuated  so  that  their 
two halves are joined  by  a  thin bridge consisting 
only of the juxtaposed outer mitochondrial mem- 
branes (Figs. 9 to 11). Mitochondria are numerous 
in  the  early  lens vesicle but  as  lens  protein  syn- 
thesis proceeds they become more and more rare. 
Another notable  feature  of  transitional  ceils  is 
that evidence has been found for cilia formation in 
region C  (Fig.  15). This has been observed in one 
other  case  besides  that  illustrated.  Cilia  appear 
to be abortive, lying within a  sheath in the cyto- 
plasm.  The  lens-forming  cells  at  this  stage  are 
generally  in  a  solid  mass,  with  no  free  surface, 
although at later stages there may be cell degenera- 
tion in the center of the vesicle creating a  lumen 
(7).  Evidence  for  developmental  stages  in  cilia 
formation was sought, but only one case of a  sug- 
gestive  nature  was  found  (Fig.  13),  in  which 
vacuoles appeared  in a  cone shaped  arrangement 
around the end of one centriole of a  pair with the 
largest of the vesicles at  the apex.  This is typical 
of early  stages  in  cilia formation  (20).  Centrioles 
were found in the inner layer of cells in the cornea 
in  one  case.  There  was  no  such  association  with 
vacuoles here. 
When ceils undergo vacuolization in the center 
of some day 4  and day 5  lens vesicles (region D), 
this is seen in fine structure as a  series of membra- 
nous whorls,  often in very large groups which may 
measure 5 or 6 ~  across (Fig.  12). These structures 
are  only  occasionally  associated  with  the  central 
part of the developing lens and are not present in 
vesicle  cells  generally.  Cytoplasm  of  lens  vesicle 
FIGURE 6  Junction between lens vesicle and cornea to which it is still widely attached. 
The cell at the upper side of the figure is in region A of the cornea (see Fig. 1) and those 
lower in the figure in region B  of the lens vesicle. In the corneal cell the rough ER still 
occurs in an oriented arrangement and is much more extensive than in the normal corneal 
cell in the animal. The number of free ribosomes has increased. Five days after lensectomy. 
)< 19,000. 
FIGURE 7  Region C (see Fig. 1) of the lens vesicle. Some cisternae of the rough ER are 
still associated  with mitochondria but they  are largely  broken up  into scattered small 
vesicles.  Free ribosomes are very numerous. Five days after lensectomy.  )<  23,000. 
214  THE  JOURNAL OF  CELL BIOLOGY • VOLUME ~,  1965 JANE  OVF,  RTON  Cell  Fine Structure During Lens Regeneration  215 cells  is  characteristically  packed  with  free  ribo- 
somes  and  rough  and  smooth-walled  vesicles 
(Figs. 8 to  11).  Ribosomes are frequently arranged 
in double rows and spirals  (Fig.  14)  as is so com- 
mon in  developing tissues.  ~[he  distance  between 
ribosomes in double rows  (250 to 300 A) is similar 
to  this  distance  in  apparent  ribosomal  helical 
arrangements  which  have  been  described  in  de- 
veloping muscle  (22)  and  developing small intes- 
tine  (1).  These  cells contain  large  nucleoli  (Fig. 
15). 
As development proceeds vesicular elements in 
the  cytoplasm  become  rarer  and  free  ribosomes 
more  numerous.  The  nucleolus  enlarges  as  lens 
fibers begin to form.  Filamentous elements of low 
density  with  clusters  of  dense  clumps  represent 
the  main  cytoplasmic  constituents  of lens  fibers 
(16).  Clumps  are first very fine,  then increase  in 
coarseness and tend to align along cell membranes 
(2)  (Figs.  16  to  18).  Very  conspicuous  changes 
occur simultaneously in the nucleus.  First, nucleo- 
lar size increases markedly beyond that in cells in 
earlier stages  (compare Figs.  15  and  18)  and  sec- 
ond, dense clumps begin to appear in the nucleus, 
so that in early stages of the process the nucleolus 
which was  previously more dense  than its imme- 
diate  surroundings  begins  to  appear  the  same  in 
density  (Fig.  17),  and  finally, with  the exception 
of its inner agranular  component,  it is very much 
less dense  than  the  rest  of the  nucleus  (Fig.  18). 
The  fine  structure  of  isolated  lens  proteins  re- 
sembles that  of the main cytoplasmic constituents 
of these  cells  (16).  The  increasing density  in  the 
nucleus  has  a  somewhat  different  appearance  in 
that  clumping  is  finer  and  more  regularly  dis- 
persed  (Figs.  17  and  18).  Whether  the  onset  of 
these processes occurs first in nucleus or cytoplasm 
or  simultaneously  in  both  is  uncertain,  although 
conspicuous  clumping  may  show  up  first  largely 
in  the  nucleus  (Fig.  16).  No evidence was  found 
of transmission of material from one compartment 
to the other. 
DISCUSSION 
The  process  of cellular  transformation  described 
here may be divided into three phases.  In the first, 
corneal  cells  undergo  a  change,  but  not  in  any 
way  that  makes  them  qualitatively  different,  as 
far  as  can  be  observed  in  fine  structure,  from 
corneal  cells proper.  In  the  normal  cornea,  cells 
have two nucleoli predominantly,  whereas during 
regeneration  cells in  that  part  of the  cornea  in- 
volved in lens formation as well as in the surround- 
ing  area  have  predominantly  one  nucleolus  (7). 
This  change  begins  by  day  2  or  3.  The  earliest 
cytoplasmic  change  is  an  increase  in  amount  of 
rough  ER  as  evidenced  by  the  increase  in  the 
length  of  cisternal  profiles  and  in  the  number 
stacked.  Thus  on  morphological  grounds  this 
phase  might  be  considered  preparative.  In  older 
tadpoles  lens  regeneration  may  be  blocked  at 
Stage 2  (7).  In  these  cases  the  cornea  is  always 
separated  from  the  eye  cup  by  the  growth  of 
mesenchyme. One might expect that such blocked 
regenerates would  be  arrested  in  phase  1. 
The 2nd  phase consists of a  marked  change in- 
volving breaking  up of the cisternae of rough  ER 
and  increase  in size of mitochondria  followed by 
median  constriction.  It  is  noteworthy  that  this 
same  syndrome  showing  very  similar  mitochon- 
drial  configurations  is  produced  in  liver cells by 
circumstances as divergent as carbon tetrachloride 
poisoning  (17).  Changes  in  the  ER  with  differ- 
ences in physiological condition are to be expected 
(15)  but  this  type of mitochondrial  configuration 
is more  rare.  Study  of cell behavior in  a  variety 
of developmental conditions would seem necessary 
for evaluating such  pharmacological  responses. 
The occurrence of cilia in these cells is not with- 
out precedent since indications of cilia have been 
reported  in  the  lens  ectoderm  of the  chick  (9). 
Solitary cilia such as observed here occur in cells 
from numerous  sources  (see  reference  20  for bib- 
liography). Their function is often unclear, and  it 
has  even  been  suggested  that  cells may  produce 
FIGURE 8  Large mitochondrion of irregular shape observed in region B  (see Fig. 1), sur- 
rounded by numerous rough- and smooth-walled vesicles and free ribosomes.  Five days 
after lensectomy. )< 3~,000. 
FIGURES 9,  10, and 11  Mitoehondria in region C (see Fig. 1) of the lens vesicle are fre- 
quently  centrally attenuated.  Four days after lensectomy.  X  3~,000. 
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center of some  day 4  and day 5 lens vesicles (Fig. ~, 
region D). This group of whorls measured 5.5 tz across. 
Four  days  after  lensectomy.  )<  3~,000. 
cilia  by  an  accidental  circumstance  (27).  In  the 
present  case,  cilia  formation  seems  an  indirect 
route towards lens production.  Its occurrence may 
indicate  that  transitional  cells  go  through  the 
equivalent  of an  early  embryonic  condition. 
In  the  3rd  phase  lens  fiber  formation  begins. 
During  this  process  the  nucleus  goes  through  a 
gradual  change  which  has  not  been  described 
previously. The nucleus of the lens fiber is reported 
as  of greater  density  than  the  surrounding  cyto- 
plasm,  and  the  nucleolus  as  a  very  dense  thick 
coil, while in older lens fibers dense bodies of 1 to 
2  micra  have  been  interpreted  as  remnants  or 
fragments  of nuclei  (24).  How  increased  nuclear 
density  is  related  to  protein  synthesis  is  unclear 
There are no clues such as accumulation of mate- 
rial  near  nuclear  pores  to  suggest  movement  of 
this material into or out of the nucleus, as has been 
reported  in  the  somewhat  analogous  case  of the 
maturing  red  blood  cell  where  a  characteristic 
protein  also  accumulates  in the  cytoplasm  to  the 
exclusion of cytoplasmic organelles and eventually 
of  the  nucleus  (4,  8).  Increased  nuclear  density 
could  of  course  also  represent  early  stages  of 
nuclear degeneration. 
These three phases of cellular transformation in 
Xenopus  may  be  compared  with  regeneration  of 
lens from the iris in the newt. A study of fine struc- 
ture  in  this  case  (5,  11)  shows  a  close  similarity 
only  in  the  last  phase  where  acquisition  of  the 
fibrous character of the lens cell cytoplasm is asso- 
ciated  with  an  increase  in  number of ribosomes. 
Early  stages  in  the  process  in  the  newt  involve 
extrusion  of pigment granules  from  the  iris  cells 
and a gradual breakdown of very extensive smooth 
ER.  Change  in  nucleolar  character  is  similar  in 
the  two  cases but in the newt an increase in  nu- 
cleolar  number  occurs.  Autoradiographic  studies 
have been made in the latter system which indicate 
that  there  are  two  phases  of  protein  synthesis 
(26).  The  2nd  phase  corresponds  with  lens  fiber 
synthesis but it is difficult to  equate  the  1st with 
any particular aspect of the morphological changes 
which occur.  In Xenopus morphological changes in 
preparative and transitional stages are very differ- 
ent but equally complex. 
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FIGVnE 13  Centriole in region C (see Fig.  1) of a  day 4 lens.  Grouping  of  vacuoles  as- 
sociated with it is suggestive of formative stages of cilia (20,  ~1).  )<  6~,000. 
FIGURE 14  Ribosomes in regions B and C  (see  Fig.  1)  of the  developing lens  are often 
seen in  branching parallel rows and in spirals.  >( 64,000. 
Fmuu~ 15  An abortive cilium appears to lie within a  sheath  (S)  in  the  cytoplasm  in 
region  C  (see  Fig.  1) of a day 4 lens. )< 3~,000. 
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Five days after lenscctomy. Nucleolus (Nu). X  3~,000. 
(For References,  see p.  222.) 
FIGURE 17  Early stage of lens fiber formation. Lens proteins foral dense clumps in the 
cytoplasm (C).  At this stage the density of the nucleus  (N)  is not very different from 
that of the nucleolus  (Nu).  Adjacent  cells  show patches  of  close  adhesion.  Five  days 
after lensectomy. )< 3°~,000. 
FIGURE 18  Later stage of lens fiber formation. Clumps in the cytoplasm are larger and 
tend to be  aligned along cell  membranes. Clumps of a  finer grain  are  present  in  the 
nucleus so that the nucleolus is less dense by contrast (compare with Fig. 14). Seven days 
after lensectomy. X  8~,000. 
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